Major advances in our understanding of paleoclimate change derive from a precise reconstruction of the periods, amplitudes and phases of the 'Milankovitch cycles' of precession, obliquity and eccentricity. While numerous quantitative approaches exist for the identification of these astronomical cycles in stratigraphic data, limitations in radioisotopic dating, and instability of the theoretical astronomical solutions beyond ∼50 Myr ago, can challenge identification of the phase relationships needed to constrain climate response and anchor floating astrochronologies. Here we demonstrate that interference patterns accompanying frequency modulation (FM) of short eccentricity provide a robust basis for identifying the phase of long eccentricity forcing in stratigraphic data. One-and two-dimensional models of sedimentary distortion of the astronomical signal are used to evaluate the veracity of the FM method, and indicate that pristine eccentricity FM can be readily distinguished in paleo-records. Apart from paleoclimatic implications, the FM approach provides a quantitative technique for testing and calibrating theoretical astronomical solutions, and for refining chronologies for the deep past. We present two case studies that use the FM approach to evaluate major carbon-cycle perturbations of the Eocene and Late Cretaceous. Interference patterns in the short-eccentricity band reveal that Eocene hyperthermals ETM2 ('Elmo'), H2, I1 and ETM3 (X; ∼52-54 Myr ago) were associated with maxima in the 405-kyr cycle of orbital eccentricity. The same eccentricity configuration favored regional anoxic episodes in the Mediterranean during the Middle and Late Cenomanian (∼94.5-97 Myr ago). The initial phase of the global Oceanic Anoxic Event II (OAE II; ∼93.9-94.5 Myr ago) coincides with maximum and falling 405-kyr eccentricity, and the recovery phase occurs during minimum and rising 405-kyr eccentricity. On a Myr scale, the event overlaps with a node in eccentricity amplitudes. Both studies underscore the importance of seasonality in pacing major climatic perturbations during greenhouse times.
Introduction
Earth's astronomical parameters control the seasonal and latitudinal distribution of solar radiation entering the Earth's atmosphere, following the periodicities of axial precession (c. 20 kyr), axial obliquity (c. 40 kyr) and orbital eccentricity (95-124 and 405 kyr; e.g., Berger et al., 1993; Laskar et al., 1993) . Attempts to reconstruct the underlying mechanisms of climate forcing -such as glacial/interglacial cyclicity or monsoonal variations -have relied strongly on detailed quantification of the phase of these astronomical parameters as they relate to observed climate events (e.g., Hays et al., 1976; Ruddiman, 2006) . Ultimately, the phases of the precessional and obliquity cycles, and their longer modulating terms (e.g., eccentricity), influence the amplitude of seasonality variations (e.g., Berger et al., 1993; Laskar et al., 1993) . The possibility of correlating the onsets and terminations of climate events to the intensity of seasonality is often a key step towards understanding the causal mechanisms of paleoclimate change (e.g., Imbrie et al., 1993; Lourens et al., 2005; Lunt et al., 2011) .
The importance of reconstructing the amplitudes and phases of astronomical parameters from the geologic record has increased following the discovery of very-long term (Myr-and multi-Myrscale) astronomical influences on past climate (e.g., Herbert, 1997; Pälike et al., 2006; Valero et al., 2014; Wendler et al., 2014; Laurin et al., 2015) , which are attributed to the amplitude modulation (AM) of Milankovitch terms. While the existence of these http://dx.doi.org/10.1016/j.epsl.2016.02.047 0012-821X/© 2016 Elsevier B.V. All rights reserved.
short-and long-term cycles is well established, the phasing is often uncertain (e.g., discussions in Laurin et al., 2014 Laurin et al., , 2015 , resulting in ambiguity about the specific climate forcing mechanisms involved. The present study introduces a new approach for determining the phase of astronomical forcing preserved in strata, based on interference patterns (constructive and destructive interference of cycles) associated with frequency modulation (FM) . Following validation of the approach with a series of one-and two-dimensional stratigraphic models, the technique is applied to evaluate major perturbations to the global carbon cycle associated with Cretaceous Oceanic Anoxic Event II (Schlanger and Jenkyns, 1976) and the Eocene hyperthermals (e.g., Lourens et al., 2005; Galeotti et al., 2010; Zachos et al., 2010) . In both case studies, the results unambiguously identify the phasing of 405-kyr eccentricity forcing (and thus the amplitude of seasonality variation), and provide important constraints for anchoring the floating time scales to the theoretical astronomical solutions.
Background

Common approaches for determining the phase of astronomical forcing
A number of techniques are commonly used to identify the phase of astronomical forcing from paleoclimate data. These include attempts to directly correlate observed sedimentary rhythms with the theoretical astronomical solutions (Laskar et al., 2004 (Laskar et al., , 2011a (Laskar et al., , 2011b , often times involving quantitative analysis of AM of lithological or geochemical parameters attributed to astronomical signals (e.g., Lourens et al., 2005; Herbert et al., 1999; Mitchell et al., 2008; Galeotti et al., 2010) . However, interpretation of phase by direct comparison of stratigraphic data to the theoretical solutions is often challenged by radioisotopic constraints, which generally exceed the temporal wavelength of the astronomical parameters. In addition to this factor, the chaotic behavior of the Solar System yields instabilities in the theoretical solutions beyond ∼50 Myr ago, making it difficult to constrain the phase of insolation beyond the Eocene (Laskar et al., 2011a (Laskar et al., , 2011b Westerhold et al., 2012 ; notable exception to this is the 405-kyr eccentricity cycle, which is predicted to be remarkably stable throughout the Phanerozoic; Laskar et al., 2004 Laskar et al., , 2011a Laskar et al., , 2011b . These challenges notwithstanding, assessment of precession AM and short eccentricity AM in paleoclimate data provides the potential to constrain the phase relationship between climate forcing and response at the eccentricity scale (e.g., Hilgen, 1991; Lourens et al., 2005) .
Modulations of precessional index and short eccentricity are inherently tied to the phase of short eccentricity and long eccentricity, respectively (Fig. 1) . Thus, a theoretically well-founded basis for astronomical phase evaluation exists, through assessment of the recurrence and intensity of distinct lithologies (e.g., Herbert et al., 1999; Lourens et al., 2005; Batenburg et al., 2016) , bandpass filtering of inferred astronomical signals (e.g., Lourens et al., 2005; Mitchell et al., 2008; Wu et al., 2013) , and complex demodulation (e.g., Shackleton et al., 1995) . A difficulty, however, arises when applying the theoretical template ( Fig. 1 ) to real stratigraphic records, which respond to a multitude of depositional, diagenetic and climatic influences (Meyers et al., 2008) . Stochastic or systematic noise introduced into the sedimentary record can fabricate an artificial AM in a bandpassed signal ( Fig. 2 ; Huybers and Aharonson, 2010) , and with an increase in the noise to signal ratio AM of the bandpassed signal becomes increasingly sensitive to the selection of filter window and bandwidth (Fig. 2b) . In point of fact, new astrochronologic testing approaches have been introduced that specifically address and resolve the problem of artificially generated AM (Zeeden et al., 2015; Meyers, 2015) . However, given common practice filtering approaches in cyclostratigraphy (e.g., relatively narrow bandpass filters; see Zeeden et al., 2015) and plausible noise and distortions -such as astronomical-scale fluctuations in sedimentation rate and diagenesis -phase assessment can be severly compromised (e.g., Figs. 3, 4 and S1.1; see Section 4.1 for more examples). AM can also be affected by the sampling strategy ( Fig. S1 .2), non-linearities inherent to the sedimentary response to climate change (e.g., Laurin et al., 2005) , variations in depositional and/or climatic thresholds and amplitude leakage induced by, for example, bioturbation (Ripepe and Fischer, 1991) or inertia of the system (e.g., the effect of residence time of carbon in the ocean-atmosphere system). The attribution of AM to the original astronomical forcing therefore requires tools that would help to distinguish pristine modulation patterns from artifacts (see also Zeeden et al., 2015 and Meyers, 2015 ). Below we demonstrate that such a tool can be found in the interference patterns accompanying FM of astronomical signals, which are revealed by 'evolutive' or 'sliding-window' spectral techniques.
An alternative approach for determining the phase of astronomical forcing: frequency modulation of the eccentricity signal
Earlier studies (Herbert, 1992; Hinnov and Park, 1998; Hinnov, 2000 and references therein) have recognized that FM and its phase relationship to AM can provide critical information about astronomically forced variability in depositional conditions. Furthermore, changes in spatial (depth-domain) frequency modulation are now being routinely used to identify sedimentation-rate changes (e.g., Meyers et al., 2001 ) and hiatuses (Meyers and Sageman, 2004) in strata. However, little attention has been paid to the application of FM to identify the phase of astronomical forcing (although see Rial, 1999) . We focus on the modulation of orbital eccentricity, which forms a relatively long-term astronomical control and as such can be readily examined even in slowly accumulating pelagic and hemipelagic strata. The approach developed here, however, is also applicable to shorter term precession cycles, with stronger requirements on the sampling resolution.
The principal changes in the eccentricity of Earth's orbit are related to gravitational perturbations from Venus (g 2 ), Mars (g 4 ), and Jupiter (g 5 ), and occur with periods of 405 kyr (g 2 -g 5 ), 124 kyr (g 4 -g 2 ), and 95 kyr (g 4 -g 5 ; where g 2 , g 4 and g 5 are fundamental frequencies of the secular system; Laskar et al., 2004; see also Hinnov, 2000) . These three principal terms are respectively labeled E1, E2 and E3 in this paper. The E2 and E3 variations are themselves composed of a series of closely spaced harmonic components, the most prominent of which have periods of 133.8, 131.3, 127.2, 124.6, 100.4, 99.3, 96.6 and 95.2 kyr (solution La2011, interval 80-100 Myr ago) . Frequency spectra of real stratigraphic records are, however, averaged across a broader frequency band, so the short-eccentricity terms identified in stratigraphic data should be close to 124 kyr and 95 kyr. The ratio of E1 vs. E2 and E3 periods is considered stable within ±5% throughout the Phanerozoic (3.19 ± 0.17 and 4.19 ± 0.17, respectively; Waltham, 2015) .
As illustrated in Fig. 1 , the E1 term appears both as a distinct cycle in the frequency domain and as a frequency modulation of the E2 and E3 cycles in the theoretical solution. The E1 eccentricity maxima are accompanied by a constructive interference of E2 and E3, which give rise to a high-amplitude response in the bulk eccentricity signal (Fig. 1a) with a single frequency maximum approximately halfway between the frequencies of E2 and E3 (∼9 cycle/Myr, arrows in Fig. 1e ). In contrast, eccentricity minima of the E1 signal are linked to a destructive interference of the E2 and E3 terms, which produce a muted ∼100-kyr variance in the bulk eccentricity signal, and are expressed as a distinct split into the E2 and E3 signals in the frequency domain (Fig. 1) . Hence, given an adequately preserved eccentricity signal, maxima is commonly used as a tool to identify the phase of eccentricity forcing in stratigraphic records. Here we propose that the analysis of AM should be combined with an examination of frequency modulation (FM) and interference patterns that are tightly linked to the phase of the modulating cycle as shown further below: (c) Phasing of the main eccentricity components. Narrow-band filtered E2 (125 kyr; 8.0 ± 0.3 cycle/Myr, Gaussian filter) in green, and E3 (95 kyr; 10.5 ± 0.3 cycle/Myr, Gaussian filter) in black. Note that E2 and E3 interfere constructively at E1 max (bandpassed E1 in red; 2.5 ± 0.3 cycle/Myr, Gaussian filter). (d) MTM power spectrum and F-test significance for eccentricity. (e) Evolutive Harmonic Analysis (EHA; Meyers et al., 2001) amplitude and F-test significance spectra (MTM 3 2π ; 500-kyr window). White arrows mark intervals of constructive interference ('junctions') of E2 and E3 beats that form at 405-kyr eccentricity maxima. Note that the mean frequency of the interfering components (E2 and E3) is the 3.7-th multiple of the recurrence frequency of the interference patterns ( f int ∼ 2.5 cycle/Myr); this ratio serves as a diagnostic feature of pristine eccentricity modulation (see text). (f) Scatter plot documenting the relationship between the relative phasing of E2 vs. E3 (vertical axis) and the phase of 405-kyr cycle. Note that the E2 and E3 cycles are in phase (i.e., interfere constructively) at 405-kyr maxima (0 deg. phase of E1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) and minima in E1 eccentricity can be traced by a systematic FM and associated interference patterns in the E2-E3 band (Fig. 1e) ; these patterns can serve as a tool for the recognition of E1 phasing in paleo-records.
The ratio of interfering (E2 + E3) and modulating (E1) signals is defined by the theoretical orbital solutions (e.g., La2011; Laskar et al., 2011b) , thus the above relationships can be summarized with the following equation (using the example of E1 modulation of E2 + E3):
where p int is the spatial period, or recurrence interval of the interference features, p E1 is the spatial period of the E1 signal, p E2 and p E3 are spatial periods of the E2 and E3 signals, respectively, and R is the ratio of the E1 period vs. mean E2-E3 period in the orbital solution La2011 (R = 3.7 ± 0.2 for the Phanerozoic; cf. Waltham, 2015) . In the frequency domain, the equation (1) becomes
where f int is the spatial frequency of the interference features, f E1 is the spatial frequency of the E1 signal, and f E2 and f E3 are spatial frequencies of the E2 and E3 signals, respectively (see Fig. 1 ).
Before applying this tool to real stratigraphic series, however, it is necessary to evaluate the sensitivity of FM to distortions arising from the climate and depositional system transfer functions (Meyers et al., 2008) . Most importantly, it is essential to show that processes accompanying orbital signal transfer to the sedimentary record cannot fabricate false patterns that could be misinterpreted as FM of the original forcing. The effects of sedimentation rate changes, differential compaction, diagenetic carbonate redistribution and undersampling are examined in Section 4, with one-and two-dimensional numerical models of orbitally driven sedimenta- Table S1 . The inclusion of noise generates artificial AM that resembles eccentricity bundling in places (e.g., intervals 7-11, or 19-24 m). The conventional AM approach cannot distinguish these types of signal distortion, thus potentially misinterpreting the artificial AM as a signature of 405-kyr modulation (see also Zeeden et al., 2015 and Meyers, 2015) . (e) Spectral estimates for the series s + n: MTM (3 2π ) power spectral and significance estimates for the entire series (top), and EHA (MTM 3 2π ) amplitude and significance, 4-m moving window. Minor frequency slips are present. However, the artificial AM is not associated with systematic FM and interference patterns that characterize real astronomical signals (compare with Fig. 1 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
tion. These models demonstrate that FM is generally a resilient tool for reconstructing the phase of the 405-kyr eccentricity cycle.
Material and methods
Theoretical astronomical solutions
All stratigraphic models discussed in this paper are based on the astronomical solutions La2010d (Laskar et al., 2011a) and La2011 (Laskar et al. 2011b ). La2010d is a full solution that allows reconstructions of eccentricity, obliquity and precession (see appendix of Wu et al., 2013) . The required numerical constraints for calculation of La2011-equivalent precession and obliquity are currently not available; the latest solution La2011 is therefore used only in models with an imposed eccentricity forcing (no precession). The stratigraphic data sets from the Eocene and Cretaceous are compared with orbital eccentricity from La2011 (Laskar et al. 2011b) , which is currently considered the most stable solution for these intervals (Westerhold et al., 2012) .
Stratigraphic models of astronomical forcing
To test the preservation potential of FM patterns following depositional and post-depositional processes, we develop 7 suites of simple one-dimensional models and one suite of two-dimensional models (30 individual models in total) that simulate astronomically paced changes in sedimentary (lithological or geochemical) parameters. Our focus is on depositional and post-depositional distortions that follow the same rhythm as precessional and eccentricity variations, because these distortions can fabricate false modulation patterns that are most easily confused for pristine astronomical AM and FM. The simplest examples apply constant sedimentation rates (Figs. S1.2 and S1.8). The effect of changing sedimentation rates is examined with one-dimensional models in which the net sedimentation rate (averaged over 5-kyr time steps) is linearly (Figs. 3, S1.1, S1.3 and S1.4) or non-linearly (Figs. S1.6, S1.7, S1.9 and S1.10) proportional to the astronomical forcing. Both positive and negative relationships between the astronomical forcing and sedimentation rate are modeled. In one group of models ( Fig. S1 .4) the sedimentation rate is allowed to decrease to 0 cm/kyr at certain orbital configurations to simulate the effect of hiatuses. A strongly non-linear forcing of sedimentation rate (Figs. S1.6 and S1.7) is also considered to mimic a differential compaction of layers deposited during different phases of the astronomical cycle. Carbonate redistribution between mud-dominated and carbonatedominated lithologies would have a similar effect. Selected models are tested for artifacts introduced by different sampling strategies and undersampling (Figs. S1.2 and S1.5). These models explore both imposed eccentricity signals (Figs. 3, 4 , 5, S1.1, and S1.8 through S1.11) and eccentricity signals originating from a nonlinear transformation of the precessional cycle (Figs. S1.2 through S1.7). Distortions imparted to nearshore and dilution-driven hemipelagic strata by the transfer of astronomical signal via sea-level change (Laurin et al., 2005) are examined with a two-dimensional numerical model (selected output data are shown in Figs. 5 and S1.11).
Parameters of the one-dimensional models are described and illustrated in Table S1 and Figs. 3, 4, and S1. Two-dimensional stratigraphic models were executed with the modeling software "SedTec2000" (Boylan et al., 2002) and are similar in their setup to the "MILex" model of Laurin et al. (2005;  for details see Data Repository Items accompanying this paper) with the following differences: (1) length of the model run is 4 Myr, (2) model time step is 2 kyr, and (3) the sea level curve is calculated from the solution La2010d using the following formula:
where e is eccentricity, e1 is the bandpassed 405-kyr eccentricity term (Gaussian filter, 2.5 ± 0.5 cycle/Myr), a and b are multipliers (see Table S2 ). FM patterns were examined on a simulated depth-domain series of the percentage of fine-grained siliciclastics sampled 100 km from the model basin margin.
Floating astrochronology development for paleo-records (Cretaceous and Eocene), and time series analysis approaches
Spectral estimates for the stratigraphic data and model results are calculated with the multitaper method (MTM; Thomson, 1982) using evolutive harmonic analysis (EHA; Meyers et al., 2001 ). The statistical significance of the EHA spectral results are quantified using the MTM harmonic F-test (for phase-coherent sinusoids; Thomson, 1982) . To conduct astrochronologic testing and comprehensively evaluate a range of plausible sedimentation models for the Eocene and Cretaceous data sets, Evolutive Average Spectral Misfit (E-ASM; Meyers and Sageman, 2007; Meyers, 2014) is implemented. This permits an objective and comprehensive test of published astronomical interpretations for the Cretaceous and Eocene data Galeotti et al., 2010) , and simultaneously, evaluation of changes in sedimentation rate throughout the study intervals. Unless otherwise indicated, all analyses use three tapers and a time-bandwidth product of 2. The preferred EHA window size for the analysis of E2-E3 interference is 5x the spatial period of the proposed E2-E3 signal. . Note that AM of the E2-E3 signal is strongly distorted, and does not trace the maxima and minima in 405-kyr (E1) eccentricity. (e) Spectral estimates for the parameter ep: MTM (3 2π ) power spectral and significance estimates for the entire series (top), and EHA (MTM 3 2π ) amplitude and significance, 5-m moving window. Eccentricity terms E1, E2 and E3 are indicated; h = harmonic noise. Intervals of constructive interference of the E2 and E3 signals are marked with X. These primary FM patters are centered at the 3.7-th multiple of the E1 frequency ( f E1 ) and trace closely the maxima in the E1 cycle (E1 max). With an increasing distortion, the E2 signal fades and the variance is transferred towards a new spectral maximum E3 (see also Fig. 5 ). This change gives rise to secondary modulation patterns (X ) that may resemble the original FM, but are out-of-phase from E1 maxima. The apparent 'blue shift' of the X modulations relative to the 3.7 * f E1 frequency can serve as a diagnostic feature distinguishing pristine modulation from artifacts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Preparation of the Cretaceous IRM and Eocene CaCO 3 (Galeotti et al., 2010) data involve resampling on an evenly-spaced grid by piecewise linear interpolation (10 cm for the IRM data and 3 cm for the CaCO 3 data; these values meet or exceed the median sampling interval). All analyses are conducted using the R package 'Astrochron' (Meyers, 2014; R Core Team, 2015) .
Results and discussion
Stratigraphic modeling results: depositional distortions of frequency modulation
The stratigraphic modeling studies indicate that original interference patterns of eccentricity FM are resistant to simple sedimentary distortions, including 20-100% sedimentation-rate changes that are positively or negatively proportional to the precessional and eccentricity forcing. Unlike AM, the interference patterns appear relatively insensitive to undersampling (Figs. S1.2 and S1.5). As regards destabilization of the primary FM, imposed eccentricity variations in sedimentation rate are generally more efficient than precession-paced changes, since the size of the moving window permits averaging across many precessional cycles. A greater distortion is also observed in model setups that employ a non-linear threshold response of sedimentation rate (or differential compaction) and, in particular, when assuming a threshold response for both sedimentation rate and the sedimentary proxy of astronomical variations (Figs. S1.6 and S1.7).
False interference patterns similar to those of the original signal often form in parts of the distorted record. Importantly, however, in all instances encountered in the one-and two-dimensional Table S2 for details).
(c) Selected model output: proportion of fine siliciclastics in dilution-driven hemipelagic strata. AM of the short-eccentricity signal is shown in blue (0.6 ± 0.1 cycle/m, Gaussian filter, Hilbert transformed). (d) Spectral estimates for the parameter shown in c: MTM (3 2π ) power spectral and significance estimates for the entire series (top), and EHA (MTM 3 2π ) amplitude and significance, 10-m moving window. E2 and E3 refer to distorted ('red' or 'blue' shifted) frequencies of E2 and E3. Symbols X refer to artificial modulations that follow the same rhythm as the E1 signal ( f int ∼ f E1 ), but are phase shifted relative to E1 maxima (the origin of this phase-lagged modulation is explained in Laurin et al., 2005) . The key diagnostic feature of the distorted FM patterns is the 'blue shift' of the interfering frequencies relative to the 3.7 * f E1 frequency.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) models these artifacts either eradicate the strong correlation with the (bandpassed) E1 rhythm, or occur at 'red-' or 'blue-shifted' frequencies. Their recurrence interval is often much longer than the original pacing (Figs. S1.6 and S1.7), which makes them readily recognizable in paleo-data. Somewhat counter intuitively, distorted E2-E3 signals appear more stable in some intervals, as they lack the frequent bifurcations at E1 minima ( Fig. S1.6 ; see also Fig. 5 ). Other features of the distorted signals include shifting of the interfering frequencies by 5-30% towards or away from the original E2-E3 frequencies (Figs. 4, 5 , and S1.6 through S1.11) and the formation of harmonic noise at multiples or divisors of the E2-E3 frequencies (e.g., Figs. 4, S1.2 and S1.6). As discussed below, when such distortions (lack of bifurcations, 'blue/red shift') are observed in paleo-data, they can be used as diagnostics to identify such records as unsuitable for phase assessment.
Stratigraphic modeling results: FM interference patterns as a tool and feedback in phase interpretation
Evaluation of the above stratigraphic models suggests that pristine FM patterns can often survive common sedimentary distortions. Stronger distortions accompanying pronounced differential compaction, non-linear fluctuations in sedimentation rate and/or strongly non-linear responses of sedimentary proxies to astronomical forcing can destroy the original patterns and create false, artificial interference features. These artifacts can, however, be readily identified in paleo-data. Thus, confirmation of a primary origin of the FM can be guided by the following features: (1) the recurrence interval of the interference patterns revealed by time-frequency analysis should be identical (within the limits of spectral resolution) with the E1 recurrence interval prescribed in equation (1), (2) the interference should occur in the frequency band of the primary interfering signals (E2 and E3), and therefore lack a 'red-' or 'blue-shifted' distortion in excess of the uncertainty in the parameter R (equations (1) and (2); Figs. 4, 5, and S1.6 through S1.11), and (3) if E1 variance is present in the data series (in addition to its modulation of E2 + E3), the recurrence interval of the interference patterns should be in rhythm with the bandpassed E1 signal. Importantly, these relationships are applicable for the evaluation of "untuned" spatial data, and do not require preservation and detection of the modulating signal (E1 in this case). AM and FM patterns not meeting the above criteria should a priori be considered distorted and caution should be exercised when attempting to interpret the specific phase of orbital signals, although these records may still be valuable for developing floating astrochronologies and for the interpretation of depositional system response to orbital forcing (e.g., Laurin et al., 2005) .
Therefore, based on these modeling results we propose that interference patterns can be used as a tool to interpret the phasing of 405-kyr eccentricity and/or as a means to distinguish pristine vs. secondary origin of AM and FM of signals obtained by bandpass filtering and amplitude demodulation. By analogy, FM interference patterns in the precessional band can be used to interpret the phase of short eccentricity (E2 + E3). For very long records, Myr-scale modulation patterns (e.g., ∼2-Myr eccentricity modulation) are a potential target for this method. Intervals that exhibit well-preserved FM of short eccentricity, but are too short for the analysis of Myr-scale FM, might still be instrumental in the assessment of long-term modulation patterns. For example, astronomical solutions indicate that the amplitude within the short-eccentricity band becomes weak and FM is indistinct during Myr-scale eccentricity nodes (Fig. S2) . Continuous series of well-defined FM patterns are therefore unlikely to represent Myr-scale eccentricity minima, and can be interpreted as highs in the Myr-scale modulation. The opposite relationship (i.e., the use of indistinct FM to infer Myr-scale nodes) should not be routinely applied, because the depositional record is subject to a number of processes distorting FM.
The approach described above should be applicable to any wellpreserved astronomical records. Data with a low signal-to-noise ratio will likely produce noisy FM patterns, from which it would be challenging to interpret phase with confidence. In these instances, the FM technique can be instrumental in detecting the degree of distortion and avoiding an incorrect interpretation of bandpassed signals.
Case studies from the Eocene and Cretaceous
Two exquisitely preserved eccentricity records illustrate how pristine FM patterns can be distinguished in real geological data and used to improve paleoclimate interpretation. We focus on intervals associated with major climatic and oceanographic events of the greenhouse world, whose origins remain debated.
Cenomanian black shales and OAE II
The Late Cenomanian to earliest Turonian OAE II was a ∼700-kyr long episode of massive removal of organic carbon from the exogenic reservoir (e.g., Schlanger and Jenkyns, 1976; Arthur et al., 1988; Kuypers et al., 2004; Meyers et al., 2012a ) in a world characterized by high concentrations of carbon dioxide (and likely other greenhouse gases) in the atmosphere (e.g., Berner, 2006) . The increase in carbon burial due to enhanced marine productivity and anoxia (e.g., Schlanger and Jenkyns, 1976; Arthur et al., 1988; Kuypers et al., 2004) was fueled by nutrient fluxes from submarine volcanism (Snow et al., 2005; Turgeon and Creaser, 2008; Flögel et al., 2011; Du Vivier et al., 2014) superimposed upon favorable ocean circulation patterns (e.g., Trabucho Alexandre et al., 2010; Flögel et al., 2011; Zheng et al., 2013) . Several studies suggest an important role for astronomically paced insolation in controlling the timing and structure of OAE II (e.g., Kuypers et al., 2004; Mitchell et al., 2008; Lanci et al., 2010; Wendler et al., 2014; Laurin et al., 2015) . The culmination of OAE II has been shown to coincide with an increased obliquity variance in the low-latitude Atlantic (Meyers et al., 2012b ), which was a major locus of organic carbon accumulation at that time (see review in Trabucho Alexandre et al., 2010) . The timing of OAE II also fits with the rhythm of the long-term, ∼1-Myr modulation of axial obliquity (e.g., Laurin et al., 2015) , while some studies propose an ∼2-Myr eccentricity influence (Mitchell et al., 2008; Lanci et al., 2010) .
If organic matter accumulation is focused at low latitudes during OAE II (e.g., Kuypers et al., 2004; Trabucho Alexandre et al., 2010) , precession and eccentricity variations are expected to play an important role via a strong control on the monsoon, and thus sedimentation (e.g., Beckmann et al., 2005) . In this regard, well preserved eccentricity and precession cycles have been described from Cretaceous strata in the Mediterranean (e.g., De Boer and Wonders, 1984; Herbert and Fischer, 1986) . The Furlo section located in the Umbria-Marche basin, central Italy, has received particular attention as it makes it possible to extend an exquisite eccentricity record of the Middle to Late Cenomanian to the base of the OAE II. Different studies have, however, proposed different phasings of eccentricity variations at this section, with different implications for both the regional climate forcing of anoxia in the Mediterranean and the orbital control on OAE II in general (cf. Mitchell et al., 2008; Lanci et al., 2010) .
Here we reexamine published Isothermal Remanent Magnetization (IRM) data from Lanci et al. (2010) . This data set provides a proxy for bottom water oxygenation of the Tethys ocean: high IRM intensities are interpreted to record detrital magnetite preservation under well-oxygenated conditions, while low IRM values are considered a product of magnetite dissolution under poorly oxygenated or euxinic bottom waters . Samples were taken exclusively from limestone lithologies in order to keep the rock-magnetic record independent from lithological variations (see Lanci et al., 2010) ; thus the thin (cm-scale) interbedded cherts and black shales, interpreted as largely precessional in their origin (Mitchell et al., 2008) , were not sampled for IRM. The effect of uneven sampling and systematic avoidance of precession-paced black shales in the IRM dataset was tested with a one-dimensional model (Fig. S1.5) . The results indicate that the E2-E3 interference is resistant to this type of undersampling and provides a reliable basis for the interpretation of 405-kyr phasing.
The IRM data show well defined, statistically significant (>94 to >99% F-test significance level) spectral maxima that correspond to the eccentricity terms E1, E2 and E3, as revealed by ASM analysis (Figs. 6 and S3.2; this confirms the cycle calibration of . The EHA spectrogram exhibits well defined frequency patterns originating from the interference of E2 and E3 terms and meeting the criteria for pristine modulation outlined in Section 4.2 (Fig. 6c) . Based on the E2-E3 interference patterns we conclude that the ∼4-m minima in IRM (Fig. 6b) correspond to maxima in the 405-kyr eccentricity cycle (in this respect, our interpretation differs from that in Lanci et al., 2010 , who proposed the opposite phasing). The size of the EHA window prevents a direct evaluation of interference patterns at and immediately beneath the Bonarelli Level, which marks OAE II at Furlo. To estimate eccentricity phasing at the onset of the Bonarelli Level we integrate the 405-kyr eccentricity bandpass results from the IRM data ( Fig. 6b) with the floating astrochronology of Mitchell et al. (2008) ; following this approach the onset of the Bonarelli Level is 390 kyr to 420 kyr younger than the last 405-kyr maximum documented with FM (Ce-3; Figs. 6b, c and S4.1). The resultant anchored astrochronology (discussed in greater detail below) is compatible with the radioisotopic constraints presented in Meyers et al. (2012a) and Eldrett et al. (2015) (Fig. S4.3) . The high-resolution data of Batenburg et al. (2016) offer alternative timing options. Their tuning #1 is incompatible with radioisotopic constraints in Eldrett et al. (2015) and Meyers et al. (2012a) (see Fig. S4.3) , while tuning #2 is compatible with Eldrett et al. (2015) but not Meyers et al. (2012a) . Tuning #2 would place the onset of the Bonarelli Level only ∼340 kyr after the Ce-3 maximum (Fig. 6b) . Thus, according to the Batenburg et al. (2016) and Mitchell et al. (2008) astrochronologies, the onset of the Bonarelli Level either predates the following 405-kyr maximum (Ce-2) by 65 kyr, or coincides with this maximum (Laskar et al., 2011b) : bulk eccentricity (black line), bandpassed 405-kyr term (2.5 ± 0.5 cycle/Myr, Gaussian; purple line) and instantaneous amplitude of short eccentricity (Hilbert transformed 9.5 ± 3.0 cycle/Myr, Gaussian; thick red line).
Maxima in E1 (405 kyr) eccentricity are labeled Ce-1 through Ce-6 and superimposed maxima in short eccentricity are labeled a through d. Ages of the Cenomanian-Turonian boundary (C/T; 93.90 ± 0.15 Myr; Meyers et al., 2012a; 94 .10 ± 0.13 or 94.07 ± 0.16 Myr; Eldrett et al., 2015) , bentonite A (94.27 + 0.16/−0.17 Myr; Meyers et al., 2012a) and the onset of positive carbon-isotope excursion (CIE; estimated by adding 538 ± 20 kyr to the age of the C/T boundary; Fig. S4 .2) constrain the timing of OAE II. The uncertainty in numerical timing is too large to identify the phasing of OAE II relative to the E1 phases in La2011. The relative timing of the onset of CIE vs. C/T is, however, determined with a much smaller uncertainty, ±20 kyr ( Fig. S4.2) . The major magmatic pulse documented in osmium isotopes (Turgeon and Creaser, 2008) predates the onset of positive CIE by ∼40 kyr (phase 'ii' in Du Vivier et al., 2014 ; green arrow in Fig. 6b ). The numerical age of 405-kyr maxima and minima in La2011 is uncertain within ±80 kyr (Fig. S4.3e) ; this uncertainty, however, does not affect the interpretation of 405-kyr phasing during OAE II. Furlo section data are plotted against stratigraphic depth (scale as in Fig. 6c ). Black shale and chert levels are plotted as horizontal lines to the right of the IRM data, after Lanci et al. (2010) . BL = base of Bonarelli Level. The IRM curve is flipped horizontally and adjusted linearly to optimize the correlation of interpreted 405-kyr eccentricity maxima ( Fig. 6c) with the eccentricity maxima in La2011 (see Fig. S4 .3). It should be stressed that the interpretation of eccentricity maxima/minima is not affected by the potential instability of the La2011 solution, because the 405-kyr period is constant within 0.16% (Laskar et al., 2011a) . The timing of the onset of BL relative to the latest 405-kyr maximum captured by FM patterns in EHA (Fig. 6c) is estimated using published age models: 390-420 kyr (Mitchell et al., 2008; M08 ; dashed correlation line), and ∼340 kyr (tuning #2 of Batenburg et al., 2016; B16; dotted correlation line) . (c) EHA amplitude (left) and F-test significance (right) spectra of IRM (MTM 3 2π ; 4 m window, color scales as in Fig. 7 ). MTM power spectrum and F-test significance for the entire interval are shown at the bottom. Junctions in the E2 + E3 trace occur systematically, in the same rhythm as the E1 signal and are therefore interpreted as 405-kyr maxima (E1 max). (d) δ 13 C carb signature of OAE II, Eastbourne section (Paul et al., 1999) , calibrated in the time domain ( Fig. S4.2 ; red crosses indicate age control points). The timing of cooling events in Europe and proto-Atlantic: 1 = TEX 86 cooling in the North Atlantic (Forster et al., 2007; Sinninghe Damsté et al., 2010; van Helmond et al., 2014) , 2 = plenus cool fauna in Europe (Voigt et al., 2006) , 3 = δ 18 O carb , Eastbourne (Gambacorta et al., 2015) . (e) Changes in the power attributed to axial obliquity (Site 1261B, tropical Atlantic) calibrated in the time domain and anchored at the base of the positive CIE (Meyers et al., 2012b) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) within ±15 kyr (Fig. 6) . These estimates further imply that the onset of the osmium-isotope excursion (Turgeon and Creaser, 2008; Du Vivier et al., 2014;  Fig. 6b ), lithium-isotope excursion (Pogge von Strandmann et al., 2013) and 'precursor events' documented locally (Eldrett et al., 2015) are either coeval with or predate the 405-kyr maximum. Of prime importance for understanding the internal dynamics of OAE II is the onset and acceleration of the positive carbon-isotope (δ 13 C) excursion, which should be linked to the rate of global carbon burial (e.g., Arthur et al., 1988) . The excursion starts immediately above the base of the Bonarelli Level (Jenkyns et al., 2007; Gambacorta et al., 2015) ; its onset is therefore considered contemporaneous with the Ce-2 eccentricity maximum within the −65/+15 kyr uncertainty inferred above.
Just above the analyzed interval at Furlo, the OAE II is highly condensed; however the details of the event can be examined at other localities. Here we use the high-resolution δ 13 C carb record from the Eastbourne section (Paul et al., 1999) and calibrate these data in the time domain based on published astronomical and radioisotopic time scales for this interval (Sageman et al., 2006; Meyers et al., 2012a; Ma et al., 2014; Eldrett et al., 2015;  see Fig. S4 .2). Floating astrochronologies for the Portland and Angus cores (Sageman et al., 2006; Ma et al., 2014) are correlated to the Eastbourne section using carbon-isotope stratigraphy and biostratigraphy (Fig. S4.2) . The Eastbourne δ 13 C carb curve is then aligned with the Furlo record along the base of the positive carbon-isotope excursion (Jenkyns et al., 2007; Gambacorta et al., 2015; Fig. 6 ). This correlation is further supported by osmiumisotope data from Furlo and Portland (Du Vivier et al., 2014) .
Although the uncertainty in numerical dating of the onset and termination of OAE II are on the order of ±150 kyr (Meyers et al., 2012a; Eldrett et al., 2015) , the uncertainty of the floating time scale duration is an order of magnitude smaller (Fig. 6) and thus makes it possible to evaluate the timing of OAE II relative to the 405-kyr eccentricity cycle (whose period is stable within 0.16%; Laskar et al., 2011a) . The integration of phase-calibrated Furlo IRM data with age-calibrated Eastbourne δ 13 C carb data suggests that the major buildup phase of OAE II (defined by the highest gradient in rising δ 13 C; first buildup in Paul et al., 1999) was coincident with the maximum through declining phases of the 405-kyr eccentricity cycle Ce-2 (and maximum through declining amplitudes of the total E1 + E2 + E3 eccentricity; Fig. 6 ). Drawdown in pCO 2 due to carbon sequestration (e.g., Barclay et al., 2010) and transient cooling in the Atlantic and Europe (Voigt et al., 2006; Forster et al., 2007; Sinninghe Damsté et al., 2010; Zheng et al., 2013; van Helmond et al., 2014; Gambacorta et al., 2015) occurred during the phase of declining and low eccentricity amplitudes following the Ce-2 maximum ( Fig. 6 ; note that another cooling phase, interpreted by Gambacorta et al., 2015 , possibly overlaps with the following 405-kyr minimum). The plateau phase of OAE II (Paul et al., 1999) coincides with a 405-kyr eccentricity maximum, which according to the latest orbital solution La2011 (Laskar et al., 2011b) represents a minimum in the very long term (∼2.2 Myr) cycle of short-eccentricity AM (red line in Fig. 6a ). The recovery phase documented by the onset of declining δ 13 C values c. 80 kyr after the Cenomanian-Turonian boundary starts within ±70 kyr of a 405-kyr minimum and continues during a resumed rise in the short-eccentricity amplitudes and runup towards another 405-kyr maximum (Fig. 6) . Although the Myr-scale modulation in La2011 involves a degree of uncertainty beyond ∼50 Myr ago (Westerhold et al., 2012) , the possibility of OAE II being centered at a ∼2.2-Myr node in eccentricity amplitudes (Fig. 6a) can be evaluated using the FM preservation at Furlo. A comparison of inherent variability in FM (Fig. S2 ) with the series of 3 to 4 well-defined cycles of 405-kyr modulation beneath OAE II (Fig. 6c) suggests that the interval 0.3 Myr to 1.7 Myr prior to the onset of OAE II is unlikely to accommodate a Myr-scale node. Thus, if the Cenomanian modulation maintains a 2.2-2.4 Myr rhythm as in most of the Cenozoic, then one of the nodes must overlap with the event.
The FM signature at Furlo suggests that approximately twothirds of the black shales and cherts underlying the Bonarelli Level (Fig. 6b) formed at or near maxima in 405-kyr eccentricity. By analogy, most of the shorter-term bundles (and sometimes individual layers) correspond to maxima in the ∼100-kyr (E2 + E3) eccentricity (Fig. 6a, b) , in agreement with the hypothesis of monsoonal forcing of anoxia prior to OAE II in this area (cf. Mitchell et al., 2008) . Importantly, black shales and cherts are absent from 405-kyr minima at this section. Considering the overlap of OAE II with one or two 405-kyr minima, the anoxic conditions of OAE II (represented by the Bonarelli Level at Furlo) stand out as a qualitatively distinct response to external forcing, and cannot be considered a mere intensification of the background (monsoonal) variability.
The coincidence of the buildup and recovery of OAE II with opposite phases of the 405-kyr eccentricity cycle and the inferred overlap of OAE II with a ∼2.2 Myr eccentricity minimum, do not constitute direct evidence for a causal relationship between OAE II and astronomical forcing. Given the role of eccentricity in the global carbon cycle (e.g., Lourens et al., 2005; Pälike et al., 2006; Zachos et al., 2010; Valero et al., 2014) , however, it is reasonable to consider a contribution of eccentricity phasing to the internal dynamics of the event. Low eccentricity implies moderate seasonality lacking both extremely low and extremely high seasonal contrasts at the precessional scale. Because the contribution of precessional index (and thus eccentricity) to insolation series is greatest at low latitudes, the reduced eccentricity provides suitable grounds for both the enhanced obliquity influence during OAE II (Meyers et al., 2012b; Fig. 6e ) and increase in the role of higher latitude processes in ocean circulation and the carbon cycle (e.g., Meyers et al., 2012b; Zheng et al., 2013; Laurin et al., 2015) . We hypothesize that the shift of intermediate/deep water source towards higher latitudes and its influence on carbon sequestration during OAE II (Meyers et al., 2012b) could be facilitated by subdued short-eccentricity amplitudes during a Myr-scale eccentricity minimum.
A causal role of eccentricity phasing could help to explain the delayed onset of OAE II relative to the initiation of volcanic activity (Turgeon and Creaser, 2008; Du Vivier et al., 2014) , and the timing of transient cooling episodes (Voigt et al., 2006; Forster et al., 2007; Sinninghe Damsté et al., 2010; Zheng et al., 2013; van Helmond et al., 2014; Gambacorta et al., 2015) . Uncertainties in the timing and phasing of the individual segments of OAE II, however, persist, preventing a detailed evaluation of these potential relationships. It is also stressed that OAE II cannot be fully understood without additional controls such as enhanced volcanic nutrient fluxes (Snow et al., 2005; Turgeon and Creaser, 2008) , changing weathering rates (Pogge von Strandmann et al., 2013) , particular ocean-circulation patterns (e.g., Trabucho Alexandre et al., 2010; Flögel et al., 2011) and favorable configuration of the long-term obliquity cycle (e.g., Meyers et al., 2012b; Wendler et al., 2014; Laurin et al., 2015) .
Eocene hyperthermals
The Early Eocene interval is marked by a series of brief climate perturbations characterized by warming of sea-surface temperatures, lysocline shallowing and negative carbon-isotope anomalies (e.g., Zachos et al., 2010) . Following the Paleocene-Eocene Thermal Maximum (PETM) the most prominent of these events, or hyperthermals, were the ETM2 ('Elmo') and ETM3 ('X'), accompanied by smaller scale events such as H2 and I1 (e.g., Zachos et al., 2010; Fig. 7) . The link of hyperthermals to high eccentricity has been proposed in previous studies based on the elapsed time observed between events, and the AM of preserved shorteccentricity cycles (Lourens et al., 2005; Westerhold et al., 2007; Galeotti et al., 2010) . The possibility of low-eccentricity forcing of hyperthermals was pointed out recently (Smith et al., 2014, their Scenario 1) . An independent test of the 405-kyr eccentricity phasing of the hyperthermals is conducted here through evaluation of FM.
Carbonate-content data from the Contessa section, UmbriaMarche basin (Galeotti et al., 2010) show statistically significant power-spectral maxima (>98% F-test confidence level) correspond- Fig. 7 . Eccentricity signature in the Lower Eocene, Contessa. (a) Total eccentricity (black), bandpassed 405-kyr term (2.5 + −0.5 cycle/Myr, Gaussian; thin red) and instantaneous amplitude of short eccentricity (Hilbert transformed 9.5 ± 2.5 cycle/Myr, Gaussian; thick red) in the solution La2011 (Laskar et al., 2011b) . Maxima in 405-kyr eccentricity are labeled Ec2 through Ec8 following Westerhold et al. (2012) . (b) δ 13 C carb signatures of Eocene hyperthermals (gray bands), and high-resolution CaCO 3 data, Contessa Road section (Galeotti et al., 2010) . (c) Time-series analysis of the CaCO 3 data: MTM power spectrum and F-test significance for the whole interval (MTM 3 2π ; top); EHA amplitude and probability spectra (MTM 3 2π ; 5 m window; bottom). The trace of the E2 + E3 signal exhibits systematic alternations of intervals of positive and negative interference, in the upper part of the section. These junctions and bifurcations exhibit the same rhythm as the E1 signal and are therefore interpreted as maxima and minima, respectively, of the 405-kyr eccentricity cycle (cf. Figs. 1, 3, 4 , and S1). The E2 + E3 signal is poorly distinguishable in the interval 36.5-39 m, coincident with a minimum in the very long-term cycle of eccentricity modulation in La2011 (thick red line in Fig. 7a ; cf. Westerhold et al., 2012) . The interval is linearly adjusted so that E1 maxima in La2011 are aligned with the interpreted E1 maxima (E1 max). This tuning suggests that the major hyperthermals (except the PETM, which can not be evaluated here) occur at or near the maxima in 405-kyr eccentricity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) ing to the E1, E2 and E3 terms, as calibrated by ASM analysis (Figs. 7c and S5 ; this confirms the cycle calibration of Galeotti et al., 2010) . In the upper half of the section, spatial expression of the E2 and E3 cycles suggests systematic interferences associated with E1. By analogy with the above stratigraphic models (Section 4.2), the intervals of positive interference are interpreted as maxima in the 405-kyr eccentricity cycle. These patterns suggest that the AM studied by Galeotti et al. (2010) is indeed close to the primary modulation of the eccentricity signal. The hyperthermals ETM2 ('Elmo'), I1 and ETM3 ('X') overlap with broad intervals of positive interference in the E2-E3 band. The event H2 is offset towards a phase of negative interference, but none of these hyperthermals overlaps with a minimum in the 405-kyr eccentricity (E1min in Fig. 7) . It can be concluded that all events (except the PETM, which can not be evaluated here) occur within 100 kyr (±90 degrees) of 405-kyr maxima, which is in agreement with the hypotheses invoking a causal role for pronounced seasonal extremes in the forcing mechanism (cf. Lourens et al., 2005; Lunt et al., 2011; Galeotti et al., 2010; Zachos et al., 2010) .
Conclusions
Interference patterns accompanying FM in the short-eccentricity band (∼95 and 124 kyr) provide a robust basis for distinguishing pristine AM and FM from depositional artifacts, and thus make it possible to interpret the phase of astronomical forcing. Pristine FM is marked by a systematic interference of the ∼95-kyr and ∼124-kyr terms that occur with a 405-kyr rhythm; even if the stratigraphic record lacks a distinct 405-kyr cycle, the interference patterns should follow the periodicity p int = [(p i2 + p i3 )/2] * (3.7 ± 0.2), where p i2 and p i3 are the spatial periods, i.e., reciprocals of spatial frequencies, of the interfering components (i.e., ∼124 and ∼95 kyr eccentricity; cf. Rial, 1999) . Distortions in the modulation related to climate/depositional system response and sampling lack this rhythm and/or exhibit a 'red' or 'blue shift' of the interfering frequencies, providing a diagnostic to identify such records as unsuitable for phase assessment. We propose that AM and FM patterns obtained through bandpass filtering and demodulation should be routinely validated using the above criteria, specifically if the phasing of the signal is of interest. This approach is applicable to evaluate any frequency-modulated signal that expresses bifurcations (short eccentricity and precession).
Detection of the 405-kyr eccentricity phasing based on FM helps to constrain the astronomical control on paleoclimate change in intervals lacking a stable astronomical solution and/or highresolution numerical dating. As an example, the results presented here provide independent support for a high-eccentricity forcing of the Early Eocene hyperthermals ETM2 ('Elmo'), ETM3 ('X'), H2 and I1, suggesting a leading role for pronounced seasonal extremes in destabilizing terrestrial or marine carbon reservoirs (e.g., Lunt et al., 2011; Zachos et al., 2010) or triggering ventilation of a dissolved organic carbon pool (Sexton et al., 2011) . In contrast to the greenhouse gas emission events associated with Eocene hyperthermals, the same (maximum) eccentricity phase promoted carbon burial in the Mediterranean region during the Middle and Late Cenomanian, prior to the global anoxic event OAE II. A comparison of different regional and global responses to a single orbital configuration superimposed upon a secular transition from the Cretaceous greenhouse towards icehouse should facilitate our understanding of the evolving oceanographic responses to astronomical forcing.
The eccentricity phasing of the late-Cretaceous OAE II is also evaluated. The buildup of the positive carbon-isotope excursion coincides with a maximum and subsequent fall in 405-kyr eccentricity, while the recovery correlates with the opposite (i.e., minimum and rising) phases of the 405-kyr cycle. The body of the event is associated with very weak short eccentricity cycles during a 2.2 Myr eccentricity node, according to the solution La2011 (Laskar et al., 2011b) and in agreement with observed FM. This configuration provides a context for the transient cooling, propagation of a high-latitude signal towards the equator and enhanced obliquity variance in this interval, as documented in previous studies (Meyers et al., 2012b) . We infer that reduced eccentricity amplitudes and corresponding low seasonality variation played a vital role in the mechanism controlling high productivity, anoxia and efficient carbon sequestration during OAE II.
